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Wheat straw has a vast potential as feedstock for biofuel production in China. However,
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little information is available regarding variation in cell wall composition and enzymatic
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digestibility of wheat straw. This study investigated cell wall compositions and biomass
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digestibility of the straw of 115 wheat accessions from central China using a 1% NaOH
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pretreatment and mixed enzymatic hydrolysis. Significant variation in cell wall composi-
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tion and sugar release was observed, with a coefficient variation (CV) ranging from 4.7% to
21.2%. Cellulose, hemicelluloses, alkali detergent hemicelluloses (ADH), and acid insoluble
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lignin (AIL) positively correlated with each other, and they all negatively correlated with

Wheat straw

acid soluble lignin (ASL). Hexose yields had a negative correlation with ADH and AIL, and

Cell wall

positive correlation with ASL. No apparent undesirable correlation was found between

Sugar release

sugar release and grain yield, thus yield and biomass convertibility can be potentially

Germplasm

improved simultaneously. Furthermore, the features of the cell wall constitutions were

Chemical pretreatment

compared with other plants and their implication in determining the best possible con-

Enzymatic digestibility

version strategy was discussed. This initial study is essential to understand the cell wall
composition of wheat straw and to explore the potential of wheat straw as feedstock for
biofuel production.
© 2014 Elsevier Ltd. All rights reserved.

1.

Introduction

Biomass utilization is increasingly considered as a practical
way of creating a sustainable energy supply while considering

a long-term protection of the environment around the world.
Biofuel production from lignocellulosic feedstock, oil plants
and microalgae represents a promising source of renewable
energy worldwide [1e4]. Lignocellulosic biomass can be acquired from dedicated biomass crops, or from agricultural and
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forestry residuals. In China, approximately 700e900 million
tons of agricultural residues are produced each year, half of
which could be potential feedstock for biofuel production.
Among these agricultural residues, nearly 75% of biomass
resources were produced by rice, wheat and maize, three
major food crops [5,6].
Because lignocellulosic biomass is made up of the complex
structures of cellulose, hemicelluloses and lignin, such feedstock is highly resistant to bioconversion of its carbohydrates
into ethanol, biochemical, or byproducts [7e9]. Pretreatment
of lignocellulosic materials before saccharification and yeast
fermentation is of great importance to break down the recalcitrance. In past years, much progress has been achieved in
lignocellulose pretreatment technologies such as thermal
pretreatment, acid pretreatment, lime pretreatment, oxidative pretreatment, and ammonia recycling percolation [10,11].
Despite their efficiency in unlocking cellulosic resources, most
of the pretreatment technologies are energy-intensive, some
of which even caused secondary environmental pollution
[12,13]. Recent results have indicated that only a mild pretreatment is necessary in an industrial economically feasible
system and some studies have demonstrated that dilute
alkaline pretreatment is very effective for enzymatic
saccharification of agricultural residues [14,15]. Much
research on alkaline pretreatment focused on the optimal
reaction conditions and reagent loading levels under higher
temperatures or pressures for specific cellulosic biomass
[16,17]. Few studies were conducted to compare the effects of
the pretreatment methods on different cellulosic biomass. In
essence, the lignocellulose conversion rate is determined by
the wall polymer features and interaction styles such as cellulose crystallinity and lignin linking-styles [18e21]. The effect
of the pretreatments largely depends on biomass composition
and operating conditions [11]. The pretreatment methods
should work for a wide range of lignocellulosic materials to
provide a cellulosic stream that can be efficiently hydrolyzed
with low concentrations of enzyme [22].
While optimizing processing techniques will initially pave
the path to reduce biofuel production costs and increase
ethanol yield of feedstock, further enhancement of the economics may be attained by improving feedstock quality [23].
To explore the potential of crop straw for biofuel production, it
is essential to investigate the cell wall composition and capacity for producing fermentable sugars from straw of
different cultivars and to estimate correlations between these
traits. Recently, several studies on glucose release and stover
or straw quality for cellulosic ethanol production have been
published in maize and wheat [24e26]. It was found in corn
stover samples that the cultivar variation of ethanol yield
ranged between 45% and 73%, and it showed a strong negative
correlation with lignin content [24]. Considerable differences
in enzymatic digestibility were also found in wheat [25], the
moderate heritability was observed for the sugar release from
wheat straw that did not show an obvious adverse correlation
to agronomic traits [26]. Therefore, screening wheat cultivars
for less recalcitrance to enzymatic hydrolysis following pretreatment will facilitate selection of cultivars with improved
biofuel feedstock of wheat straw.
China is the largest wheat producing country in the world. A
total of 126.6 million tons wheat straw was harvested in 2009.

The wheat straw accounted for 15.7% of the total yield of crop
residues, which would be a huge source of crop residual
biomass with a vast potential as feedstock for biofuel production in China [6]. Also there is a great genetic diversity in 11,694
wheat landraces and 11,441 cultivars in China [27,28]. Although
the wall polymer features of wheat straw have been recently
reported as predominant factors on biomass enzymatic digestibility [29], it remains obscured about the relationships
among agronomic traits, cell wall composition and biomass
saccharification, due to lack of large population of wheat
biomass resource. In this study, hence, we performed an initial
large-scale analysis of the traits including six agronomic traits,
three major wall polymers, and sugar (hexoses and pentoses)
release after alkali pretreatment and enzymatic hydrolysis in
115 wheat germplasm collections from central China, and then
evaluated their correlations and breeding potential.

2.

Materials and methods

2.1.

Plant materials

A total of 115 wheat germplasm accessions from the collection
at Hubei Agricultural Science Institute in Hubei Province,
China, which represent a wheat gene pool adapted to central
China and Yangzi River region, were planted in the experimental farm at Huazhong Agricultural University, Wuhan,
China. Field management essentially followed normal local
wheat cropping practices. The lines were harvested individually at maturity to prevent seed pollution. The mature stem
tissues were collected and dried at 50  C after inactivation at
105  C for 10 min. The dried tissues were ground and sieved to
less than 40-mesh and stored in a dry container until use.

2.2.

Determination of biomass digestibility

2.2.1.

Alkali (NaOH) pretreatment

Alkali (NaOH) pretreatment and enzymatic hydrolysis of the
residues were performed as previously described by Huang
et al. [30] with minor modification.
NaOH pretreatment: The well-mixed powder of biomass
sample (0.3 g) was added with 6 mL 1% (w/v) NaOH, shaken at
150 rpm for 2 h at 50  C, and centrifuged at 3000 g for 5 min.
The pellet was washed three times with distilled water, and
stored at 20  C for enzymatic hydrolysis. All supernatants
were collected for determination of total sugars released, and
samples with 6 mL distilled water were shaken for 2 h at 50  C
as control. All samples were carried out in biological triplicate.

2.2.2.

Enzymatic hydrolysis

The pretreated biomass samples were used for enzymatic hydrolysis as described by Xu et al. [21] with minor modification.
The remaining residues from various pretreatments were
washed 2 times with 10 mL distilled water, and once with
10 mL mixed-cellulases reaction buffer (0.2 M acetic acidesodium acetate, pH 4.8). The washed residues were incubated
with mixed-cellulases (containing b-glucanase 2.98  104 U
and cellulase  298 U and xylanase 4.8  104 U from Imperial
Jade Bio-technology Co., Ltd) with a final enzyme concentration
of 1.6 g/L for the biomass samples harvested from field or 0.8 g/
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L for the samples collected from hydroculture. During the
enzymatic hydrolysis, the samples were shaken under 150 rpm
at 50  C for 48 h. After centrifugation at 3000 g for 10 min, the
supernatants were collected for determining pentoses and
hexoses released from enzymatic hydrolysis. The samples in
6 mL reaction buffer were shaken for 48 h at 50  C as control. All
samples were carried out in biological triplicate.

2.2.3.

Colorimetric assay of total hexoses and pentoses

UVevis spectrometer (V-1100D, Shanghai MAPADA Instruments Co., Ltd., Shanghai, China) was used for collecting
absorbance. Hexoses were detected using the anthrone/H2SO4
method [31]. Briefly, 1.0 mL of aqueous sample (containing
20e200 mg of hexoses) was added to 0.2% anthrone (2.0 mL) in
concentrated H2SO4, mixed well, and incubated in a boiling
water bath for 5 min. After cooling the sample, its absorbance
was tested at 620 nm wavelength. Pentoses were detected
using the orcinol/HCl method [32]. Briefly, 1.0 mL of aqueous
sample (containing 20e200 mg of pentoses) was added to 6%
orcinol (134.0 mL) in ethanol, followed by 0.1% FeCl3$6H2O
(2.0 mL) in concentrated HCl, mixed well, and incubated in a
boiling water bath for 20 min. After cooling, the absorbance of
the sample was detected at 660 nm. Anthrone was purchased
from SigmaeAldrich Co., LLC., and ferric chloride and orcinol
were obtained from Sinopharm Chemical Reagent Co., Ltd.
The standard curves for hexoses and pentoses were plotted
using D-glucose and D-xylose as standards (purchased from
Sinopharm Chemical Reagent Co., Ltd.), respectively.

2.3.
Plant cell wall fractionation and polysaccharide
determination
The plant cell wall fractionation method was used to extract
cellulose and hemicelluloses, as described by Peng et al. [33]
with minor modification. The soluble sugar, lipids, starch and
pectin of the samples were successively removed by potassium
phosphate buffer (pH 7.0), chloroformemethanol (1:1, v/v),
DMSOewater (9:1, v/v) and 0.5% (w/v) ammonium oxalate. The
remaining pellet was extracted with 4 M KOH with 1.0 mg/mL
sodium borohydride for 1 h at 25  C, and the combined supernatant with two parallel, one parallel was neutralized, dialyzed and lyophilized as KOH-extractable hemicelluloses
monosaccharides; and one parallel was collected for determination of free pentoses as the KOH-extractable hemicelluloses.
The remaining two parallel non-KOH-extractable residues, one
parallel was sequentially extracted with TFA for monosaccharides; one parallel was further extracted with H2SO4
(67%, v/v) for 1 h at 25  C and the supernatants were collected
for determination of free hexoses and pentoses as total cellulose and non-KOH-extractable hemicelluloses. All experiments
were carried out in biological triplicate.

2.4.

Total lignin assay

Total lignin content was determined by two-step acid hydrolysis method according to Laboratory Analytical Procedure of
the National Renewable Energy Laboratory [34]. The lignin includes acid-insoluble and acid soluble lignin. The acid insoluble
lignin was calculated gravimetrically after correction for ash,
and the acid soluble lignin was measured by UV spectroscopy.
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Acid insoluble lignin determination: 0.5 g sample was
recorded as W1. The sample was extracted with benzene/
ethanol (2:1, v/v) in a Soxhlet for 4 h, and then air-dried. The
sample was hydrolyzed with 10 mL 72% H2SO4 (v/v) in shaker at
30  C for 1.5 h. After hydrolysis, the acid was diluted to a concentration of 2.88%, and then placed in the autoclave for 1 h at
121  C (15 psi). The autoclaved hydrolysis solution was vacuumfiltered through the previously weighed filtering crucible. The
filtrate was captured in a filtering flask for acid soluble lignin.
The lignin was washed free of acid with hot distilled water and
the crucible and acid-insoluble residue was dried in an oven at
80  C until constant weight was achieved. Then, the samples
were removed from the oven and cool in a dry-container. The
weight of the crucible and dry residue was recorded to the
nearest 0.1 mg (W2). At last the dried residue was ashed in the
muffle furnace at 200  C for 30 min and 575  C for 4 h. The crucibles and ash were weighed to the nearest 0.1 mg and recorded
the weight (W3). Acid insoluble lignin (AIL) on original sample
was calculated as the following: AIL (%) ¼ (W2  W3)  100/W1%.
Each sample was tested in biological triplicate.
Acid soluble lignin determination: The acid soluble lignin
was solubilized during the hydrolysis process, and was
measured by UV spectroscopy. The hydrolysis liquor obtained
previously was transferred into 250 mL volumetric flask and
brought up to 250 mL with 2.88% sulfuric acid. The absorbance
of the sample was read at 205 nm on an UVeVis spectroscopy
(Beckman Coulter Inc., Du800), and 2.88% sulfuric acid was
used as blank. The method of calculation about the amount of
acid soluble lignin was as follows: ASL (%) ¼ (A  D  V/
1000  K  W1)  100%. A (absorption value), D (dilution ratio
of the sample), K (absorptivity constant) ¼ 110 L/g/cm. Total
lignin (%) ¼ ASL% þ AIL%. All experiments were carried out in
triplicate.

2.5.

Statistical calculation of correlation coefficients

Superior Performance Software Systems software package
(SPSS 17.0, Inc., Chicago, IL) was used for statistical analysis.
Correlative analysis was performed using Spearman's rank
correlation analysis at the two-sided 0.05 level of significance
(*P < 0.05, **P < 0.01). The variation and regression analysis are
developed using Origin 8.0 software (Microcal Software,
Northampton, MA) for the best fit curve from the experimental data. This analysis used the average values calculated
from all original determinations for a given trait pair.

3.

Results

3.1.
Phenotypic correlation of six agronomic traits in the
wheat germplasm collections
Wheat is one of the staple crops in China. Wheat biomass
production is closely related to multiple agronomic traits. In
the present study, we evaluated the wheat germplasm collections for six agronomic traits, including plant height, fertile
spikes per plant, spike length, kernels per spike, grain yield
per plant, and 1000 grain weight, in addition to biofuel-related
traits. The observed values of the six agronomic traits, along
with the results of sugar release, chemical composition, and
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sugar convertibility are presented in Tables 1 and 2. The
means of the six agronomic traits, plant height, fertile spikes
per plant, spike length, kernels per spike, grain yield per plant,
1000 grain weight, were 86.33, 5.43, 9.72, 46.64, 6.54 and 32.53
in the wheat germplasm collections, respectively. Significant
phenotypic variation was detected in the agronomic traits
among the accessions with a coefficient of variation (CV)
ranging from 16.7% to 47.4%. Yield showed a very strong
positive correlation with fertile spike per plant (r ¼ 0.645**),
followed by kernels per spike (r ¼ 0.622**), while the weakest
correlation was found with plant height (r ¼ 0.169) (Table S1).
Because plant height and fertile spike number per plant
contribute largely to the yield of wheat biomass, the results of
correlation analysis suggest that grain and other biomass
yield can be potentially improved simultaneously.

3.2.
Variation in sugar release of the wheat germplasm
collections
Sugar release of the wheat accessions was evaluated by calculating the amount of released hexoses (C6) and pentoses (C5) as
percentages of the raw biomass (%). The average value of pentoses removed after a 1% NaOH pretreatment (C5/NaOH) was
5.59%, much higher than the hexoses released (C6/NaOH,
1.98%). This indicated that alkaline pretreatment partially solubilized the hemicellulose fraction, leaving the material
enriched in cellulose. The hexoses released in the pretreatment
process were significantly different among the wheat cultivars
in this study, though the amounts were relatively small (Table 2).
Hexoses released (C6/1.6 g/L) from pretreatment and 1.6 g/L
enzyme hydrolysis was 12.98% on average, lower than the
pentoses released (C5/1.6 g/L, 18.02%). The higher enzyme
loading resulted in an obvious increase in sugar release for both
hexoses (average 22.54%, increment 9.55%) and pentoses
(average 21.37%, increment 3.35%). The increment in hexose
release was 74.0% on average (ranging from 38.0% to 118.2%),
more significant than in pentoses (19.0% on average). A high
conversion rate (sugar convertibility) of cellulose to hexoses
was achieved in a 3.2 g/L dose, with sugar convertibility ranging
from 55.1% to 94.0%, while in 1.6 g/L dose the maximum conversion from cellulose to hexoses was only 54.6%. These results
indicated that the cellulose can be almost completely digested
into sugar in the wheat straw at the higher dose of enzymatic
hydrolysis. The hexose release varied in a range of 9.7e16.9%
(1.6 g/L) and 18.2e27.4% (3.2 g/L) at different enzyme doses.

Table 1 e Agronomic traits of wheat germplasm (n ¼ 115).
Traits
Plant height (cm)
Fertile spikes
per plant
Spike length (cm)
Kernels per spike
Grain yield
per plant (g)
1000 grain
weight (g)

Mean Maximum Minimum

SD

CV (%)

86.33
5.43

145.1
14.3

63.2
1.3

14.87
2.33

17.2
42.9

9.72
46.64
6.54

21.0
81.7
16.7

6.2
16.8
0.6

1.62
11.19
3.10

16.7
24.0
47.4

32.53

46.9

12.6

6.54

20.1

SD: standard deviation; CV (%): coefficient of variation (SD*100/
mean).

With the lower loading doses, the variation in sugar release
(both hexoses and pentoses) was higher than that with the
higher dose as indicated by CV values, perhaps reflecting the
variation in the cell wall composition. In general, a moderate
variation in sugars released from wheat straw was observed.
The variation of sugar released in different germplasms could
be potentially used in the development of wheat cultivars with
higher sugar release from straw.

3.3.
Diversity of the cell wall composition in the wheat
germplasm collections
To investigate the relationship between cell wall composition
and sugar release, 58 wheat accessions were randomly
selected for cell wall composition analysis. The results were
presented in Table 2. The average contents of cellulose and
hemicelluloses in the wheat straw of the accessions were
about 31.77% and 31.27%, respectively. The hemicelluloses
fraction totaled 31.27% of the dry biomass, with alkali detergent hemicelluloses (ADH) being the major component
(24.27%) and the remaining 6.99% being alkali insoluble
hemicelluloses (AIH). The major component of lignin was acid
insoluble lignin (AIL, ranged from 16.3 to 22.6%), accounting
for 19.59% out of the 21.73% total lignin on average, and the
remaining was acid soluble lignin (ASL) (2.14%). The total
lignin content in the wheat accessions ranged from 19.3 to
24.5%, similar to the range of 17e23% reported by Lindedam
et al. [26]. These accessions exhibited a moderate variation in
cell wall composition with the CV values ranging from 4.7% to
13.6%, comparable to the variation in sugar release. Compared
to the agronomic traits, the variation in cell wall composition
and sugar release from the wheat straw were relatively small,
indicating the necessity of genetic improvement for further
increasing sugar content of the wheat straw.

3.4.
Correlation among the cell wall composition, sugar
yield, and agronomic traits
We found that cellulose, hemicelluloses, alkali detergent
hemicelluloses (ADH), and acid insoluble lignin (AIL) positively correlated with each other, and they all negatively
correlated with acid soluble lignin (ASL) (Table 3). Similar results were obtained in maize stover that a higher cellulose
content was closely associated with a higher hemicelluloses
content [35]. These results suggest that cellulose, hemicelluloses (mainly ADH), and AIL might simultaneously be
synthesized in secondary cell wall fraction in wheat straw.
The hexoses released in pretreatment (1% NaOH) exhibited
significantly negative correlation with the total lignin, AIL,
and ADH (Table 4), respectively, indicating that hexose release
in the pretreatment process was suppressed by these factors.
A slightly negative correlation between hexoses released in
the pretreatment process and cellulose content was also
observed. A possible explanation for this relationship could be
due to a strong positive correlation of cellulose content with
the contents of hemicelluloses, and AIL (Table 3).
The hexoses yielded after enzyme hydrolysis for two
enzyme loadings were negatively correlated with the alkali
detergent hemicelluloses (ADH) (r1.6 ¼ 0.304*, r3.2 ¼ 0.150),
acid insoluble lignin (AIL) (r1.6 ¼ 0.279*, r3.2 ¼ 0.190), while
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Table 2 e Sugar release and cell wall composition of wheat straw.
Traits

Mean

Maximum

Minimum

SD

CV (%)

Sugar release (% dry matter)
C6 (NaOHa)
C5 (NaOH)
C6 (1.6 g/Lb)
C5 (1.6 g/L)
C6 (3.2 g/L)
C5 (3.2 g/L)
Increment
Increment%

1.98
5.59
12.98
18.02
22.54
21.37
9.55
75.10

4.1
7.7
16.9
21.0
27.4
23.6
13.7
118.2

1.3
4.0
9.7
15.3
18.2
17.4
5.4
38.0

0.42
0.74
1.66
1.27
2.13
1.40
1.67
17.54

21.2
13.2
12.8
7.0
9.5
6.6
17.5
23.4

Cell wall composition (% dry matter)
Cellulose
Hemicelluloses
ADH
AIH
Lignin
ASL
AIL

31.77
31.27
24.27
6.99
21.73
2.14
19.59

36.4
35.1
27.8
9.2
24.5
2.9
22.6

27.5
28.4
22.1
5.9
19.3
1.5
16.3

2.04
1.48
1.39
0.91
1.06
0.29
1.19

6.4
4.7
5.7
13.0
4.9
13.6
6.1

Sugar convertibility (% cellulose)
C6 convertibility (1.6 g/L)
C6 convertibility (3.2 g/L)

42.08
72.89

54.6
94.0

29.6
55.1

7.21
9.63

17.1
13.2

SD: standard deviation; CV (%): coefficient of variation (SD*100/mean); ADH: alkali detergent hemicelluloses; AIH: alkali insoluble hemicelluloses; ASL: acid soluble lignin; AIL: acid insoluble lignin.
a
Pretreated by 1% NaOH.
b
Concentration of enzymatic hydrolysis.

Table 3 e Correlation between the cell wall composition (n ¼ 58).
ASL

AIL

Lignin

AIH

ADH

Hemicelluloses

Cellulose

1

0.474**
1

0.273*
0.963**
1

0.103
0.032
0.077
1

0.476**
0.308*
0.190
0.206
1

0.479**
0.203
0.072
0.360**
0.790**
1

0.381**
0.298*
0.199
0.190
0.478**
0.597**
1

ASL
AIL
Lignin
AIH
ADH
Hemicelluloses
Cellulose

* and ** indicated the significant correlation coefficient values at P < 0.05 and 0.01, respectively.

positively correlated with acid soluble lignin (ASL)
(r1.6 ¼ 0.327*, r3.2 ¼ 0.220) (Table 4, Fig. 1). We noticed that the
cellulose content had a strong positive correlation with the
contents of hemicellulose, and AIL in this study (Table 3). This

may suggest that cellulose degradation can be affected by
these factors with which cellulose is closely associated.
Although hexose yield in the treatment with 3.2 g/L enzyme is
also positively correlated to the contents of hemicelluloses

Table 4 e Correlation between sugar release and the cell wall composition (n ¼ 58).

C6
C5
C6
C5
C6
C5
C6
C6

(NaOHa)
(NaOH)
(1.6 g/Lb)
(1.6 g/L)
(3.2 g/L)
(3.2 g/L)
convertibility (1.6 g/L)
convertibility (3.2 g/L)

ASL

AIL

Lignin

AIH

ADH

Hemicellulose

Cellulose

0.220
0.060
0.327*
0.080
0.220
0.050
0.455**
0.370**

0.391**
0.080
0.279*
0.080
0.190
0.010
0.395**
0.319*

0.362**
0.110
0.240
0.090
0.170
0.030
0.321*
0.261*

0.010
0.220
0.010
0.200
0.220
0.240
0.070
0.295*

0.270*
0.130
0.304*
0.070
0.150
0.250
0.434**
0.354**

0.140
0.030
0.200
0.110
0.210
0.150
0.382**
0.468**

0.220
0.230
0.040
0.020
0.100
0.100
0.363**
0.540**

* and ** indicated the significant correlation coefficient values at P < 0.05 and 0.01, respectively.
a
Pretreated by 1% NaOH.
b
Concentration of enzymatic hydrolysis.
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Fig. 1 e Correlation between cell wall compositions with hexose yield (% dry matter) released from enzymatic hydrolysis
after NaOH pretreatment in wheat (n ¼ 58). (A) ASL; (B) AIL; (C) total lignin; (D) ADH; (E) AIH; (F) hemicelluloses; (G) cellulose. *
and ** indicated the significant correlation coefficient values at P < 0.05 and 0.01, respectively.

and lignin, the correlation coefficient is not as significant as
that under the treatment with 1.6 g/L enzyme, indicating that
the enhanced loading of the mixed enzymes that contain
xylanase helps further remove xylans and lignin and thus
impair their recalcitrance. No negative effect was found on
sugar yield with the cellulose content of wheat straw in this
study. We expect that removal of hemicelluloses and lignin in
the cell wall of wheat straw either by chemical reagent,
xylanase, or by genetic modification will be very valuable in
reaching high sugar convertibility at high cellulose levels.
Almost all of the cell wall component traits, including ADH
and AIL, which affect sugar yield, have no significant correlation with agronomic traits. Similarly, except for a weak
negative correlation between hexoses yielded at a 1.6 g/L
enzyme loading and the 1000 grain weight (r ¼ 0.185*), no
apparent undesirable correlation was found between sugar
release and agronomic traits (Table S2). A previous study also
found that the ability of the cultivar to release sugar for
ethanol production was not related to the grain yield [26]. So, it
implies that grain yield and biomass convertibility can be
potentially improved simultaneously and commercial cultivars exhibiting improved fermentation production can be
developed without sacrificing grain yield.

4.

Discussion

4.1.
Variation and potential of the wheat germplasms
collections for bioenergy
This study has identified considerable variation among 115
winter wheat accessions with respect to agronomically
important traits, sugar yield, and cell wall composition. For

example, the high variability in hexose release between
germplasms ranging from 9.7% to 16.9% (1.6 g/L) and 18.2% to
27.4% (3.2 g/L), with coefficients of variation between cultivars
of 9.5% and 12.8% at two different enzyme doses. As indicated
by coefficients of variation, the variation observed for the
current set of winter wheat germplasms seems to be in the
highest end of the range reported from other studies
[24,36,37]. The reasons for lower diversity found in previous
studies might be due to the selection of the specific wheat
genotypes (such as cultivars with high yield and lodging
resistance) and relative small size of the populations.
Furthermore, the variation in straw degradability we identified in this study is comparable to that observed in a previous
wheat study [26]. Also, similar results have been reported in
other cereals [38e40]. These results optimistically indicate a
potential for the selection of energy crop varieties in China.
However, wheat straw exhibited less variation in both sugar
yield and cell wall composition when compared with the
agronomic traits in this study. It implies that to further increase sugar yield, genetic engineering and/or induced mutation of the selected energy crops from the best performing
natural germplasm resources are necessary. The six best
performing cultivars have been selected, with the average
sugar release being 3.5% higher than the average and higher
grain yield (Table S3). Currently, we have selected twelve
materials including six best performing cultivars to re-test
and optimize their performance under six different nitrogen
fertilizer levels. By characterizing the wheat cultivars that are
less recalcitrant to enzymatic hydrolysis following pretreatment, we may be able to identify genes and biochemical
characteristics that enhance sugar yield. Ultimately, this
research is expected to set a foundation for the engineering
and development of superior feedstock.
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4.2.
Sugar release profiles of wheat straw under
different enzyme dosages
In this study, saccharification was performed with two
different enzyme dosages (1.6 g/L and 3.2 g/L). This allowed us
to obtain a better understanding of the sugar release dynamic
profile and its relationship with cell wall composition. To
avert large and rapid sugar releases which could potentially
mask any variance among wheat germplasms, the relatively
low enzyme dose (1.6 g/L) combined with mild pretreatment
(1% NaOH) was designed to better augment, and thus evaluate
the diversity of the sugar releases, and to identify key cell wall
components associated with the degradability. We have
demonstrated that with this lower enzyme loading, a higher
diversity of sugar release can be observed, at same time
reflecting its strong association with cell wall composition.
We can speculate that sugar release with this loading dose of
enzyme is sensitive to the changes in both cell wall composition and pretreatment methods, and thus it is beneficial to
determine the effect of enzyme model on cellulosic biomass
conversion in future studies. For comparison, the 3.2 g/L
loading was designed to maximize sugar release, and thus
allow us to explore the potential of sugar release in wheat
germplasm. Furthermore, the comparison of these two
different loading conditions allows us to understand the
function of the enzyme, yield difference and, release dynamics in two major sugar components, i.e. hexoses and
pentoses. We are currently optimizing the pretreatment and
enzyme loading model to reach the maximum sugar yield.

4.3.

Features of cell wall composition in wheat straws

Quite limited information is currently available for the lignocellulosic biomass of wheat straw. Our studies have characterized the cell wall compositions of a large number of mature
straws from wheat germplasms and showed substantial difference in contents of main cell wall constituents. The cellulose content varied between 27.5% and 36.4% while the
hemicelluloses content varied in a range of 28.4e35.1% and
lignin in a range of 19.3e24.5% of dry matter. The wheat
germplasm collections showed similar levels of cellulose and
hemicelluloses, with a mean of about 31.5% in this study. The
cellulose content is lower than and the hemicellulose content
is similar to some previous studies [41e43]. The total lignin
content in the wheat germplasm collections was similar to
those in some previous studies [26,41,42], but much higher
than those in another study [43]. Such discrepancy in reported
lignin contents could be partly due to the differences in the
analytical procedures currently used for quantifying lignin in
cell walls.
In addition, we have analyzed the main cell wall constituents of the straws from Miscanthus [21,44,45] and rice [29,46]
with same pretreatment and analytical procedures as we used
for wheat straws. It is interesting to note that straws of paddy
rice are less in the contents of three main cell wall constituents, but are rich in pectins and silicon, compared with wheat
straws. Wheat straws have lower or similar levels of cellulose,
but higher or similar levels of lignin and hemicelluloses
compared with Miscanthus [21,44,45,47], corn stover, and
switchgrass [3]. The lignin content in wheat straws can reach
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to as high as that in the trees like Eucalyptus saligna and
Monterey pine, but trees were featured in much higher levels
of cellulose and much lower levels of hemicelluloses [3]. In
many previous studies, the effectiveness of enzymatic
saccharification on pretreated material is principally evaluated by the conversion rate of cellulose to glucose monomers.
In this study, we used alkaline-based pretreatment processes
and mixed enzymes containing xylanase. This also included
the release of monomeric pentose (xylose and arabinose)
sugars from preserved hemicelluloses. Therefore, quantifying
individual sugar components in enzyme-treated hydrolyzates
permits evaluation of their fermentation potential and assists
in determining the best possible conversion strategy. The
features of the wheat straw with relatively high contents of
lignin and hemicelluloses attract attentions on their release
and integrated biorefinery concept to improve the overall efficiency of biomass utilization which gained tremendous interest in recent years in production of both bio-fuels and
profitable products and in environment protection [48,49].
We found a negative correlation between contents of lignin
and hemicelluloses and sugar release. This result is consistent
with some previous studies, showing that enzymatic digestibility of wheat straws is inversely correlated with lignin
content [24,26], and ethanol yield negatively correlated with
the hemicellulose and lignin content of the straw, amount of
the lignin phenolics syringic acid, and coniferyl alcohol [43].
This result is also consistent with the fact that hemicelluloses
have the ability to restrict enzymatic access to cellulose
[39,50]. However, this result differs from a recent finding in
Miscanthus that hemicelluloses level has a strong positive effect on lignocellulose enzymatic digestion after NaOH or
H2SO4 pretreatment [21]. It is also different from another
recent report that sugar release was positively correlated with
straw content of cellulose and hemicelluloses in wheat [26].
Thus, further studies are needed to resolve the different
findings in those studies. When partitioning the total lignin
into acid soluble lignin and acid insoluble lignin, we found
that their correlations with sugar release were reversed. It was
shown that the levels of acid insoluble lignin and alkali
detergent hemicelluloses were better correlated with sugar
yield and convertibility than the total lignin and hemicelluloses, respectively. This suggests that acid insoluble
lignin and alkali detergent hemicellulose content may be a
useful indicator of sugar yield potential from wheat straws.

5.

Conclusion

China is the largest producer of wheat and also one of the
most diverse centers of wheat germplasms in the world. It is
essential to understand the biological variation of wheat
feedstocks in order to optimize cellulosic ethanol yield, and to
find valuable genetic materials for energy crop breeding. This
study examined the variance in the capability of sugar release
and the cell wall composition of wheat straw collection in
central China, which allowed us to understand the factors
affecting sugar release and to evaluate the potential of energy
crop breeding. Also, it could be very useful for further studies
of wheat feedstock. For example, using the data of cell wall
traits coupled with molecular marker genotyping data of the
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germplasm population, the genetic loci underlying the cell
wall composition and sugar release can be mapped by association mapping. Also, these germplasm can be used to
further elucidate the fine structure of the wheat cell wall and
its effect on sugar release.
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